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Abstract
Background  Programmed cell death protein-1 (PD-1) blockade improves survival in esophageal squamous cell carcinoma 
(ESCC), although only a subset of patients respond. We aimed to identify tumor-related biomarkers associated with response 
and outcome in patients with unresectable or recurrent ESCC.
Methods  This multicenter retrospective study included 250 patients with unresectable or recurrent ESCC who received 
nivolumab as second- or later-line therapy. Pretreatment tumor specimens were evaluated by immunohistochemistry for p53, 
NY-ESO-1, MLH1, and programmed death-ligand 1 (PD-L1). PD-L1 expression was assessed using both tumor proportion 
score (TPS) and combined positive score (CPS) by using automated digital image analysis. Associations with objective 
response, progression-free survival (PFS), and overall survival (OS) were analyzed.
Results  NY-ESO-1 expression was significantly associated with response to nivolumab (28.6% vs. 11.1%, P = 0.005) and 
remained independently associated with response in multivariate analysis (OR 3.32, 95% CI 1.49–7.28, P = 0.0027). PD-L1 
expression was also associated with response according to both CPS and TPS. Patients with CPS ≥ 10% showed higher 
response rates than those with CPS < 10% (24.1% vs. 10.2%, P = 0.003), as well as longer median PFS (2.6 vs. 2.0 months, 
P = 0.0173) and OS (12.3 vs. 10.4 months, P = 0.0479). In contrast, p53 expression showed no significant association with 
response or survival, and MLH1 loss was rare.
Conclusions  NY-ESO-1 expression was associated with response to nivolumab, while PD-L1 expression, particularly CPS, 
may provide clinically relevant prognostic information. Integrated assessment of tumor-related biomarkers and the host 
immune microenvironment may further improve patient stratification in ESCC.
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Introduction

Esophageal cancer remains one of the leading causes of 
cancer-related death worldwide, with 511,054 new cases 
and 445,391 deaths reported in 2022 [1]. Esophageal squa-
mous cell carcinoma (ESCC) accounts for approximately 
85% of esophageal cancers globally [2]. Despite advances 
in multidisciplinary treatment, many patients are diag-
nosed at an advanced stage, and recurrence after curative-
intent therapy remains common [3–10]. As a result, the 
prognosis of patients with unresectable or recurrent ESCC 
remains poor, highlighting the need for improved thera-
peutic strategies [4, 5, 9–11].

Immune checkpoint inhibitors targeting the pro-
grammed cell death protein-1 (PD-1) pathway have 
become an important treatment option for advanced ESCC. 
By blocking PD-1–mediated suppression of T-cell activa-
tion, these agents enhance antitumor immunity [12]. In the 
ATT​RAC​TION-3 trial, nivolumab demonstrated superior 
overall survival compared with taxane chemotherapy in 
patients with unresectable advanced or recurrent ESCC, 
with durable benefits observed at long-term follow-up 
[13, 14]. However, only a minority of patients respond to 
nivolumab, with objective response rates of approximately 
17–19% [10, 13]. Therefore, biomarkers capable of pre-
dicting benefit from PD-1 blockade are needed.

Several tumor-related biomarkers have been inves-
tigated as potential predictors of response to immune 
checkpoint inhibitors, including programmed death-
ligand 1 (PD-L1) expression, mismatch repair (MMR) 
deficiency, cancer-testis antigens, and tumor suppres-
sor pathway alterations [15–22]. Among these, PD-L1 
expression is currently the most widely used biomarker 
in ESCC, although its predictive value remains limited 
[17, 18]. Other candidates such as the cancer-testis antigen 
NY-ESO-1 and p53 alterations have also been suggested 
to influence antitumor immunity and responses to immu-
notherapy [21–24]. However, the clinical significance of 
these tumor-related factors in patients with unresectable or 
recurrent ESCC treated with nivolumab remains unclear. 
PD-L1, NY-ESO-1, p53, and MLH1 were selected because 
they represent clinically and biologically relevant tumor-
related features potentially associated with response to 
PD-1 blockade in ESCC.

We recently reported clinical outcomes of nivolumab 
treatment in a large multi-institutional cohort of patients 
with unresectable or recurrent ESCC [10] and demon-
strated the importance of host immune microenvironment 
factors such as tumor-infiltrating lymphocytes and tertiary 
lymphoid structures [25]. Building on these findings, the 
present study aimed to evaluate tumor-related biomarkers 
associated with nivolumab efficacy and survival in this 

cohort. Specifically, we assessed PD-L1, NY-ESO-1, p53, 
and MLH1 expression in pretreatment tumor samples and 
examined their associations with treatment outcomes and 
the local immune microenvironment.

Material and methods

Patients

This multicenter retrospective study included 250 patients 
with unresectable or recurrent esophageal squamous cell 
carcinoma (ESCC) who received nivolumab as second-line 
or later therapy between 2014 and 2022 at 15 institutions 
participating in the Clinical Study Group of Osaka Uni-
versity, Upper Gastrointestinal Surgery Group. Patients 
were eligible if they had histologically confirmed ESCC 
refractory or intolerant to at least one prior chemotherapy 
regimen, were aged ≥ 20 years, and had available pretreat-
ment tumor tissue samples from the primary lesion con-
taining residual tumor cells. Patients previously treated 
with immune checkpoint inhibitors other than nivolumab 
were excluded. Patients with synchronous or metachronous 
malignancies diagnosed within 5 years prior to nivolumab 
initiation were also excluded, except for carcinoma in situ or 
mucosal carcinoma. Written informed consent was obtained 
from all included patients whenever possible; consent was 
waived for patients who had died or were lost to follow-up. 
The study was approved by the institutional review boards 
of all participating institutions (approval no. 19146-5) 
and was registered in the UMIN Clinical Trials Registry 
(UMIN000040462).

Evaluations of tumor response

Although follow-up schedules were not standardized across 
institutions, treatment efficacy was generally evaluated every 
6–8 weeks. Tumor response was assessed according to the 
Response Evaluation Criteria in Solid Tumors (RECIST) 
version 1.1 [26]. A minimum interval of 6 weeks between 
imaging assessments was required to determine complete 
response (CR), partial response (PR), or stable disease (SD) 
[27, 28]. Response rate was evaluated only in patients with 
measurable lesions. Treatment response was defined as the 
proportion of patients who achieved a best overall response 
of CR or PR.

Immunohistochemistry for PD‑L1, p53, NY‑ESO‑1, 
and MLH1

Archival primary tumor specimens used for immunohis-
tochemical analyses were obtained either from diagnostic 
endoscopic biopsy or from surgically resected specimens. 
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Fig. 1   Representative immunohistochemical images of p53, NY-ESO-1, PD-L1, and MLH1 expression in pretreatment ESCC specimens. A p53. 
B NY-ESO-1. C PD-L1. D MLH1. Representative examples of high and low/negative expression are shown for each marker. Scale bars: 200 µm
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In patients with unresectable disease, diagnostic biopsy 
specimens obtained at initial diagnosis were analyzed 
[29]. In patients with recurrent disease, archival surgical 
specimens from the initial treatment were used, because 
contemporaneous biopsy samples at the time of nivolumab 
initiation were not uniformly available in this retrospective 
multicenter cohort. Therefore, biopsy and surgical speci-
mens were mutually exclusive.

All samples were fixed in 10% neutral-buffered formalin 
for 24–72 h and embedded in paraffin. Pathologists blinded 
to clinical information selected formalin-fixed paraffin-
embedded (FFPE) blocks containing representative tumor 
regions, including the deepest invasive area, and these 
samples were centrally analyzed. FFPE tissues were cut 
into 4-μm sections and subjected to immunohistochemical 
staining using the Dako Autostainer Link 48 system (Agi-
lent Technologies, Santa Clara, CA, USA) according to 
the manufacturer’s instructions. Primary antibodies were 
incubated for 30 min at room temperature. The specificity 
of each antibody was confirmed using human tonsil tissue 
as a positive control (Supplementary Figure S1). These 
four markers were selected a priori to examine distinct 
tumor-related biological features potentially relevant to 
PD-1 blockade in ESCC. The following primary antibod-
ies were used: PD-L1 (clone 28-8, ready-to-use; Agilent 
Technologies), p53 (DO-7, 1:500; Novocastra/Leica Bio-
systems, Newcastle upon Tyne, UK), NY-ESO-1 (E978, 
1:100; Santa Cruz Biotechnology, Dallas, TX, USA), and 
MLH1 (ES05, 1:50; Novocastra/Leica Biosystems, New-
castle upon Tyne, UK).

Evaluation of p53, NY‑ESO‑1, and MLH1 expressions

All stained slides were digitized using a Ventana iScan 
HT scanner (Roche Diagnostics, Sant Cugat, Spain) 
to generate 20 × whole-slide images. Two independent 
observers (S.N. and T.M.), blinded to clinicopathologi-
cal data, manually defined tumor regions on each slide, 
and discrepancies were resolved by consensus. Whole-
slide images were analyzed using HALO image analysis 
software (Indica Labs, Corrales, NM, USA). The software 
automatically detected and quantified positively stained 
tumor cells within the annotated tumor area. For p53 and 
NY-ESO-1, positivity was defined as > 10% nuclear stain-
ing and > 5% stained tumor cells, respectively, whereas 
staining intensity was not incorporated into the scoring. 
Complete absence of p53 staining (null pattern) was not 
classified separately as abnormal and was included in 
the negative group. MLH1 loss was defined as complete 
absence of nuclear staining in tumor cells (Fig. 1). These 
thresholds were predefined on the basis of previous reports 
and applied uniformly across the cohort (Fig. 1).

Evaluation of PD‑L1 expression

PD-L1 expression was evaluated using both the tumor 
proportion score (TPS) and the combined positive score 
(CPS). The PD-L1 clone 28—8 assay was selected because 
it was used in major nivolumab clinical trials in ESCC 
and has been clinically validated for PD-L1 assessment 
in this disease [30]. Whole-slide images were reviewed in 

A Original B  Auto cell count

Fig. 2   Automated PD-L1 scoring using HALO software. A Original 
image. B Representative image showing automated cell detection 
and quantification used to calculate the tumor proportion score (TPS) 
and combined positive score (CPS). Tumor cells and mononuclear 
immune cells were distinguished morphologically by the observers, 
and PD-L1–positive cells were identified and counted using HALO 

image analysis software. Representative examples of the morphology-
based distinction between tumor cells and mononuclear immune cells 
are shown in Supplementary Figure  S2. PD-L1–positive cells were 
evaluated in five hotspot fields at 400 × magnification. Scale bars: 100 
µm
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five hotspot regions at 400 × magnification. For TPS and 
CPS assessment, tumor cells and mononuclear immune 
cells were distinguished morphologically by the observ-
ers, whereas PD-L1-positive cells within the selected 
fields were identified and counted using HALO image 
analysis software (Indica Labs). A representative image 
used for TPS and CPS assessment is shown in Fig. 2, and 
representative examples of the morphology-based dis-
tinction between tumor cells and mononuclear immune 
cells are shown in Supplementary Figure S2. TPS was 
defined as the percentage of PD-L1–positive tumor cells 
among all viable tumor cells. CPS was calculated as the 
number of PD-L1–positive cells, including tumor cells 

and mononuclear immune cells, divided by the total num-
ber of viable tumor cells and multiplied by 100. Patients 
were categorized using predefined cutoffs of TPS ≥ 1% 
and CPS ≥ 10% for subsequent analyses. Associations 
between PD-L1 expression and nivolumab response and 
survival were then evaluated. Hotspot selection was stand-
ardized by review of the entire available tumor area on 
each whole-slide image, and in biopsy specimens hotspot 
regions were selected from the available evaluable tumor-
containing area on the slide.

Assessment of previously evaluated host immune 
microenvironment factors

For the combined analyses of tumor-related and host 
immune microenvironment factors, previously evaluated 
data on CD8 + cell infiltration and tertiary lymphoid struc-
ture (TLS) density in surgical specimens from the same 
cohort were used, as reported previously [25, 31]. CD8 + cell 
infiltration was used as an indicator of pre-existing effec-
tor antitumor immunity, whereas TLS density was included 
as a marker of local adaptive immune organization within 
the tumor microenvironment. Briefly, CD8 + cells in surgi-
cal specimens were quantified in the 1000-μm peritumoral 
margin using HALO-based digital image analysis, and TLS 
density was assessed on hematoxylin and eosin-stained 
sections in the peritumoral area, as previously described. 
Representative images of CD8 + cell infiltration and tertiary 
lymphoid structures (TLSs), together with a schematic sum-
mary of their quantification methods, are shown in Supple-
mentary Figure S3.

Table 1   Association between tumor-related biomarker expression and 
response to nivolumab

PD-L1 programmed death-ligand 1, TPS tumor proportion score, CPS 
combined positive score

Responders (n = 36) Non-
responders 
(n = 214)

P

p53 Positive 22 (13.3%) 146 (86.8%) 0.400
Negative 14 (17.3%) 68 (82.7%)

NY-ESO-1 Positive 14 (28.6%) 35 (71.4%) 0.005
Negative 22 (11.1%) 179 (88.9%)

MLH1 Positive 35 (14.1%) 214 (85.9%) 0.934
Negative 1 (100%) 0 (0%)

PD-L1 CPS ≥ 10% 19 (24.1%) 61 (75.9%) 0.003
CPS < 10% 17 (10.2%) 150 (89.8%)
TPS ≥ 1% 24 (20.3%) 95 (79.7%) 0.018
TPS < 1% 12 (9.4%) 116 (90.6%)

Table 2   Univariate and 
multivariate analyses of factors 
associated with response to 
nivolumab

CI confidence interval, OR odds ratio, PD-L1 programmed death-ligand 1, TPS tumor proportion score, 
CPS combined positive score

Variables Category Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

Age (y)  ≥ 70 1.43 (0.69–2.91) 0.3301
Sex Female 1.33 (0.61–3.03) 0.4429
Performance status 1–3 0.61 (0.30–1.26) 0.1825
History of smoking Yes 0.92 (0.42–2.03) 0.8394
Previous surgery No 0.78 (0.38–1.60) 0.5053
Previous radiotherapy Yes 0.95 (0.46–1.95) 0.8939
Number of previous chemotherapy 

regimens
3- 0.68 (0.23–2.06) 0.5027

Number of organs with metastases 3- 0.39 (0.11–1.34) 0.1359
p53 Yes 0.71 (0.34–1.49) 0.3700
NY-ESO-1 Positive 3.25 (1.49–6.93) 0.0033 3.32 (1.49–7.28) 0.0027
TPS  ≥ 1% 2.50 (1.21–5.42) 0.0128 1.43 (0.51–3.88) 0.4828
CPS  ≥ 10% 2.80 (1.33–5.80) 0.0051 2.29 (0.88–6.37) 0.0865
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Statistical analysis

Continuous variables are presented as medians with ranges and 
were compared using the Mann–Whitney U test. Categorical 
variables were compared using the chi-square test or Fisher’s 
exact test, as appropriate. Survival outcomes were analyzed 
using the Kaplan–Meier method and compared using the log-
rank test. Progression-free survival (PFS) was defined as the 
interval from the first administration of nivolumab to disease 
progression or death from any cause. Overall survival (OS) 
was defined as the interval from the first nivolumab adminis-
tration to death from any cause. The Cox proportional hazards 
model was used to estimate hazard ratios (HRs) and perform 
univariate and multivariate analyses for PFS. Variables that 
were significant in univariate analysis were included in mul-
tivariate models. Logistic regression analysis was performed 
to identify factors associated with response to nivolumab, and 
odds ratios (ORs) were calculated. Continuous CPS values 
were not included in the prespecified statistical analyses, and 
CPS was analyzed categorically using the predefined cutoff 
of 10. All statistical tests were two-sided, and P values < 0.05 
were considered statistically significant. Statistical analyses 
were conducted using JMP Pro software (version 16.2.0; SAS 
Institute Inc., Cary, NC, USA).

Results

Patient characteristics and treatment outcomes

Baseline characteristics of the study cohort are summa-
rized in Supplementary Table S1. The study included 250 
patients with unresectable or recurrent ESCC who received 
nivolumab. The median age at nivolumab initiation was 
70 years (range, 32–89 years), and 193 patients (77.2%) 
were male. An Eastern Cooperative Oncology Group per-
formance status (PS) of 0 was observed in 120 patients 
(48.0%). Regarding disease status, 131 patients (52.4%) 
had unresectable advanced disease and 119 (47.6%) had 
recurrent disease. All patients had received prior systemic 
chemotherapy. Previous surgery had been performed in 133 
patients (53.2%), and 107 patients (42.8%) had received 

prior radiotherapy. Pretreatment tumor specimens consisted 
of endoscopic biopsy samples in 121 patients (48.4%) and 
surgical specimens in 129 patients (51.6%). Best overall 
responses to nivolumab were complete response (CR) in 5 
patients (2.0%), partial response (PR) in 31 (12.4%), stable 
disease (SD) in 80 (32.0%), and progressive disease (PD) 
in 134 (53.6%). The objective response rate was therefore 
14.4% (36/250), and the disease control rate was 46.4% 
(116/250).

Expressions of p53, NY‑ESO‑1, MLH1, and PD‑L1 
in pretreatment samples

The expression status of tumor-related biomarkers is also 
summarized in Supplementary Table S2. Among the 250 
tumors, p53 expression was positive in 169 cases (67.6%) 
and negative in 81 (32.4%). NY-ESO-1 expression was 
detected in 49 tumors (19.6%), whereas 201 tumors (80.4%) 
were negative. MLH1 expression was retained in almost all 
tumors (249/250, 99.6%), with loss of expression observed 
in only one case (0.4%). For PD-L1 expression, a tumor 
proportion score (TPS) ≥ 1% was observed in 119 cases 
(47.6%), while 131 cases (52.4%) had TPS < 1%. In addi-
tion, 80 tumors (32.0%) showed a combined positive score 
(CPS) ≥ 10%, whereas 170 tumors (68.0%) had CPS < 10%. 
NY-ESO-1 positivity did not significantly differ between 
biopsy and surgical specimens (26/121 [21.5%] vs. 23/129 
[17.8%], P = 0.466).

To examine whether intervening treatment exposure 
differed according to NY-ESO-1 status, we additionally 
assessed treatment exposure between tissue acquisition and 
nivolumab initiation (Supplementary Table S3). Treatment 
exposure patterns—chemotherapy alone, (chemo-)radiation 
alone, and chemotherapy plus (chemo-)radiation—did not 
significantly differ between NY-ESO-1–positive and NY-
ESO-1–negative tumors (27/49 [55.1%], 7/49 [14.3%], and 
15/49 [30.6%] vs. 116/201 [57.7%], 35/201 [17.4%], and 
50/201 [24.9%], respectively; P = 0.6824).

Association between NY‑ESO‑1 expression and host 
immune microenvironment

To investigate the relationship between tumor-related 
biomarkers and the host immune microenvironment, we 
examined the associations between NY-ESO-1 expression 
and previously evaluated immune parameters in surgical 
specimens [25]. As shown in Supplementary Table S4, 
NY-ESO-1 expression was not significantly associated with 
clinicopathological factors including age, sex, performance 
status, BMI, smoking history, tumor status, number of meta-
static organs, p53 expression, TPS, or CPS. However, NY-
ESO-1 expression was significantly associated with high 
CD8⁺ T-cell infiltration in surgical specimens (P = 0.0194). 

Fig. 3   Kaplan–Meier curves for overall survival (OS) and progres-
sion-free survival (PFS) according to biomarker expression in the 
overall cohort. OS and PFS are shown according to p53 expression, 
NY-ESO-1 expression, PD-L1 TPS, and PD-L1 CPS. The objective 
response rate in the entire cohort was 14.4% (36/250). Patients with 
CPS ≥ 10% showed significantly better PFS and OS than those with 
CPS < 10%. No significant differences in OS or PFS were observed 
according to p53 expression or TPS status. NY-ESO-1–positive 
tumors showed a trend toward improved PFS, although the differ-
ence did not reach statistical significance. This cohort was previously 
reported in our biomarker study (PMID: 40274705)

◂
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No significant association was observed between NY-ESO-1 
expression and tertiary lymphoid structure (TLS) density 
(P = 0.129).

Associations between tumor‑related biomarkers 
and response to nivolumab

The associations between biomarker expression and 
response to nivolumab are shown in Table  1. Because 
MLH1 loss was observed in only one patient, this marker 
was not included in further response analyses. No signifi-
cant association was observed between p53 expression and 
treatment response. In contrast, NY-ESO-1 expression was 
significantly associated with response to nivolumab. The 
response rate was significantly higher in patients with NY-
ESO-1–positive tumors than in those with NY-ESO-1–nega-
tive tumors (28.6% vs. 11.1%, P = 0.005). PD-L1 expres-
sion was also associated with treatment response. Patients 
with CPS ≥ 10% had a significantly higher response rate 
than those with CPS < 10% (24.1% vs. 10.2%, P = 0.003). 
Similarly, patients with TPS ≥ 1% showed a higher response 
rate than those with TPS < 1% (20.3% vs. 9.4%, P = 0.018). 
Univariate analysis of factors associated with response to 
nivolumab demonstrated significant associations with NY-
ESO-1 expression, TPS score, and CPS score (Table 2). In 
multivariate analysis, NY-ESO-1 expression remained an 
independent factor associated with response to nivolumab 
(OR 3.32, 95% CI 1.49–7.28, P = 0.0027), whereas TPS and 
CPS scores were not retained in the final model.

Associations between tumor‑related biomarkers 
and survival after nivolumab treatment

Kaplan–Meier survival analyses according to biomarker 
expression are shown in Fig. 3. p53 expression was not 
associated with survival outcomes. Median progression-
free survival (PFS) was 2.5 months in p53-positive tumors 
and 2.1 months in p53-negative tumors (P = 0.807), while 
median overall survival (OS) was 11.1 and 10.8 months, 
respectively (P = 0.608). NY-ESO-1 expression was not 
significantly associated with OS (11.2 vs. 10.6 months, 
P = 0.470), although a trend toward longer PFS was 
observed in NY-ESO-1–positive tumors (3.4 vs. 2.2 months, 
P = 0.0718). PD-L1 TPS was not significantly associ-
ated with survival outcomes. Median PFS was 2.5 months 
in patients with TPS ≥ 1% and 2.0 months in those with 
TPS < 1% (P = 0.131), while median OS was 10.9 months 
in both groups (P = 0.188). In contrast, CPS was signifi-
cantly associated with survival. Patients with CPS ≥ 10% 
had significantly longer median PFS (2.6 vs. 2.0 months, 
P = 0.0173) and OS (12.3 vs. 10.4 months, P = 0.0479) than 
those with CPS < 10%.

Univariate analysis of factors associated with PFS identi-
fied performance status, the number of metastatic organs, 
and CPS score as factors significantly associated with PFS 
(Table 3). Multivariate analysis further identified perfor-
mance status (HR 1.37, 95% CI 1.05–1.81, P = 0.0209) 
and the number of metastatic organs (HR 1.53, 95% CI 
1.08–2.18, P = 0.0158) to be independent prognostic fac-
tors. CPS score showed a marginal association with PFS 
(HR 1.33, 95% CI 0.98–1.80, P = 0.0603).

Exploratory combined analysis of tumor‑related 
and host immune factors associated with patient 
survival

Exploratory combined analyses incorporating previously 
evaluated host immune microenvironment factors were per-
formed in patients with surgical specimens (Fig. 4). Patients 
with TLS-high/NY-ESO-1–positive tumors (n = 14) showed 
significantly better PFS (NR vs. 2.3 months, P = 0.0025) and 
OS (NR vs. 10.9 months, P = 0.0046) than the remaining 
patients (n = 115). Similarly, patients with CD8-high/NY-
ESO-1–positive tumors (n = 16) had significantly longer PFS 
(6.5 vs. 2.5 months, P = 0.0236) and showed a trend toward 
improved OS (NR vs. 11.2 months, P = 0.0512) compared 
with the remaining patients (n = 113). Furthermore, patients 
with NY-ESO-1–positive tumors and CPS ≥ 10% (n = 16) 
demonstrated significantly longer PFS (4.4 vs. 2.3 months, 
P = 0.0167) and OS (20.6 vs. 10.4 months, P = 0.0194) than 
the other patients (n = 234). Because these favorable sub-
groups were small, these findings should be interpreted as 
exploratory observations.

Discussion

In this multicenter biomarker study of patients with unre-
sectable or recurrent esophageal squamous cell carcinoma 
treated with nivolumab, we identified NY-ESO-1 expression 
as a tumor-related factor significantly associated with treat-
ment response. In addition, PD-L1 expression, particularly 
when assessed using the combined positive score (CPS), 
was associated with both response and survival outcomes. 
In contrast, p53 expression showed no clear association with 
nivolumab efficacy, and MLH1 loss was extremely rare in 
this cohort. Furthermore, exploratory integration with host 
immune factors suggested additional prognostic heteroge-
neity. Collectively, these findings suggest that tumor anti-
genicity represented by NY-ESO-1 and immune contexture 
reflected by PD-L1 and host immune parameters may jointly 
influence the clinical benefit of PD-1 blockade in ESCC.

NY-ESO-1 is one of the most immunogenic cancer-testis 
antigens and is capable of eliciting both humoral and cellular 
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immune responses in cancer patients [32, 33]. Previous stud-
ies have demonstrated NY-ESO-1 expression and immu-
nogenicity in esophageal cancer, supporting its biological 
relevance as a tumor-associated antigen in this disease [33]. 
Prior studies suggest a possible biological rationale linking 
NY-ESO-1-related immunity to PD-1 blockade, but the pre-
sent study does not provide direct mechanistic evidence [34].

In our cohort, NY-ESO-1–positive tumors were signifi-
cantly associated with higher CD8⁺ T-cell infiltration in 
surgical specimens, suggesting that NY-ESO-1 expression 
may reflect an immune-reactive tumor phenotype with pre-
existing antitumor immunity. These observations are also 
supported by prior clinical studies demonstrating that NY-
ESO-1–specific immune responses correlate with clinical 
benefit from immune checkpoint blockade and that NY-
ESO-1–directed immune strategies remain biologically rel-
evant in esophageal cancer [35, 36]. The lack of a significant 
association with overall survival despite the response signal 
may reflect limited statistical power and the small number of 
responders in the NY-ESO-1-positive subgroup. Although 
post-progression treatment did not significantly differ 
according to NY-ESO-1 status (19/49 [38.8%] vs. 104/201 
[51.7%], P = 0.102), subsequent therapies after nivolumab 
may still have influenced overall survival.

PD-L1 expression was also associated with response 
when evaluated by both TPS and CPS, and a high CPS was 
linked to favorable progression-free and overall survival in 

our cohort. These findings are broadly consistent with pre-
vious studies in ESCC indicating that PD-L1 expression, 
particularly when assessed using CPS, is associated with 
improved benefit from nivolumab, although its predictive 
performance as a single biomarker remains limited [37, 38]. 
A methodological strength of the present study is that TPS 
and CPS were quantified objectively using the automated 
digital image analysis platform HALO. This approach is 
relevant because PD-L1 scoring, especially CPS, is known 
to show substantial interobserver variability due to the dif-
ficulty of consistently identifying PD-L1–positive immune 
cells in addition to tumor cells [39, 40]. Automated whole-
slide analysis has been suggested to improve reproducibility 
and reduce observer-dependent variability in PD-L1 assess-
ment [41, 42]. Nevertheless, PD-L1 did not retain independ-
ent significance in the multivariate model, indicating that 
PD-L1 alone may not fully capture sensitivity to PD-1 block-
ade. Collectively, these findings suggest that PD-L1 remains 
a clinically relevant but incomplete biomarker, and that its 
utility may be enhanced when interpreted in combination 
with other tumor-related or host immune microenvironment 
factors.

In the present cohort, NY-ESO-1 expression was not 
significantly associated with PD-L1 TPS or CPS, but was 
significantly associated with high CD8⁺ T-cell infiltration in 
surgical specimens. These findings suggest that NY-ESO-1 
and PD-L1 capture related but nonredundant aspects of 

Table 3   Univariate and 
multivariate analyses of factors 
associated with progression-free 
survival

CI confidence interval, HR hazard ratio, PD-L1 programmed death-ligand 1, TPS tumor proportion score, 
CPS combined positive score

Variables Category Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Age (y)  ≤ 70 0.95 (0.73–1.24) 0.724
Sex Female 1.06 (0.77–1.45) 0.713
Performance status 1–3 1.36 (1.04–1.78) 0.0221 1.37

(1.05–1.81)
0.0209

History of smoking Yes 0.94 (0.70–1.29) 0.739
Previous surgery No 1.27 (0.97–1.66) 0.0792 1.11

(0.84–1.47)
0.442

Previous radiotherapy Yes 0.87 (0.66–1.14) 0.3230
Number of previous 

chemotherapy regimens
3- 0.96

(0.67–1.38)
0.822

Number of
organs with metastases

3- 1.61
(1.14–2.28)

0.0067 1.53
(1.08–2.18)

0.0158

p53 Yes 1.04
(0.78–1.39)

0.750

NY-ESO-1 No 1.37
(0.97–1.94)

0.0735 1.34
(0.94–1.93)

0.1033

TPS  < 1% 1.20
(0.92–1.57)

0.177

CPS  < 10% 1.38
(1.04–1.85)

0.0274 1.33
(0.98–1.80)

0.0603
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Fig. 4   Exploratory combined survival analyses of tumor-related and 
host immune microenvironment factors in surgical specimens. A OS 
and PFS according to combined TLS density and NY-ESO-1 expres-
sion. B OS and PFS according to combined CD8⁺ cell infiltration 
and NY-ESO-1 expression. C OS and PFS according to combined 
NY-ESO-1 expression and PD-L1 CPS. Patients with TLS-high/NY-
ESO-1–positive tumors, CD8-high/NY-ESO-1–positive tumors, or 
NY-ESO-1–positive tumors with CPS ≥ 10% tended to show more 

favorable survival outcomes than the remaining patients; however, 
these findings should be interpreted cautiously because the favora-
ble subgroups were small. The host immune microenvironment fac-
tors used in these combined analyses were previously evaluated in the 
same cohort (PMID: 40,274,705). Representative images and a sche-
matic summary of the quantification methods for these host immune 
microenvironment factors are provided in Supplementary Figure S3 
(PMID: 40274705)
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tumor-immune biology and may partly explain why NY-
ESO-1, but not PD-L1, remained independently associ-
ated with response in the multivariate model. Therefore, 
NY-ESO-1 may complement PD-L1 rather than replace it 
as a biomarker in nivolumab-treated ESCC. Because both 
markers may also reflect general tumor immunogenicity or 
prognosis in non-ICI settings, the present findings should 
be interpreted as associations within a nivolumab-treated 
cohort rather than as definitive evidence of treatment-spe-
cific predictive biomarkers.

Our results also suggest that evaluation of a single tumor-
related factor may be insufficient to fully capture sensitiv-
ity to PD-1 blockade. In our cohort, NY-ESO-1 expression 
was significantly associated with increased CD8⁺ T-cell 
infiltration in surgical specimens, supporting the biologi-
cal plausibility of our combined analyses. NY-ESO-1 is a 
highly immunogenic cancer-testis antigen capable of elicit-
ing spontaneous cellular and humoral immune responses in 
cancer patients, and previous studies have demonstrated NY-
ESO-1–specific CD8⁺ T-cell responses in esophageal can-
cer [32, 33]. Moreover, PD-1 signaling has been shown to 
regulate the expansion of NY-ESO-1–specific CD8⁺ T cells, 
providing a mechanistic rationale linking NY-ESO-1–related 
immunity to PD-1 blockade [34]. Consistent with this 

concept, patients with TLS-high/NY-ESO-1-positive or 
CD8-high/NY-ESO-1-positive tumors showed more favora-
ble survival outcomes than the remaining patients in our 
cohort. Although direct evidence linking NY-ESO-1 expres-
sion to TLS formation in ESCC remains limited, TLS-rich 
esophageal tumors have been associated with PD-1–respon-
sive CD8⁺ T-cell populations, and studies in other tumor 
types have also linked NY-ESO-1 expression with TLS-pos-
itive immune microenvironments [43, 44]. However, these 
small-subgroup analyses should be considered exploratory 
and hypothesis-generating. Collectively, these findings sug-
gest that tumor antigenicity represented by NY-ESO-1 and 
host immune contexture reflected by CD8⁺ T-cell infiltra-
tion or TLS may provide complementary information for 
exploratory stratification in nivolumab-treated ESCC.

This study has several limitations. First, its retrospective 
multicenter design means that treatment strategies, imag-
ing assessments, and follow-up schedules were not fully 
standardized across institutions. However, consecutive 
patients treated with nivolumab were collected at each par-
ticipating center, which may have reduced selection bias. 
Second, the analyzed archival primary tumor specimens 
may not fully reflect tumor biology or the immune micro-
environment at nivolumab initiation. Because nivolumab 

Fig. 4   (continued)
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was given as second-line or later therapy, most patients 
had received prior systemic treatment and/or radiotherapy, 
and paired archival and immediate pre-nivolumab speci-
mens were not available. PD-L1 expression is known to 
vary according to prior treatment and spatial heterogene-
ity [45–47]. Treatment exposure between tissue acquisi-
tion and nivolumab initiation did not significantly differ 
according to NY-ESO-1 status (Supplementary Table S3). 
However, temporal mismatch may still have introduced 
biomarker misclassification, particularly for dynamic 
markers such as PD-L1, CD8 + cell infiltration, and 
potentially NY-ESO-1. Third, most analyses were based 
on primary tumor specimens, and therefore biomarker 
expression in metastatic or recurrent lesions could not be 
evaluated. Fourth, although HALO-based digital image 
analysis improved the objectivity of biomarker quantifica-
tion, the predefined cutoff values remain exploratory. In 
addition, the present findings were derived from a single 
retrospective cohort without external validation, and the 
association between NY-ESO-1 expression and treatment 
response should be interpreted cautiously. In particular, 
p53 immunoreactivity does not necessarily represent the 
full spectrum of TP53 alterations, and MLH1 loss was 
extremely rare in our cohort [48]. Finally, the combined 
analyses were exploratory and require validation in inde-
pendent cohorts.

In conclusion, this multicenter biomarker study evalu-
ated tumor-related factors using automated digital image 
analysis in a large cohort of patients with unresectable 
or recurrent ESCC treated with nivolumab. NY-ESO-1 
expression was associated with response to nivolumab, 
while PD-L1 expression, particularly CPS, was asso-
ciated with clinical outcomes. These findings suggest 
that integrated evaluation of tumor antigenicity and host 
immune contexture may aid exploratory stratification of 
nivolumab-treated ESCC, although external validation is 
warranted.
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